Abstract: Bacterial type III secretion systems (T3SS) are used to inject proteins into mammalian cells to subvert cellular functions. The Shigella T3SS apparatus (T3SA) is comprised of a basal body, cytoplasmic sorting platform and exposed needle with needle "tip complex" (TC). TC maturation occurs when the translocator protein IpaB is recruited to the needle tip where both IpaD and IpaB control secretion induction. IpaB insertion into the host membrane is the first step of translocon pore formation and secretion induction. We employed disruptive insertional mutagenesis, using bacteriophage T4 lysozyme (T4L), within predicted IpaB loops to show how topological features affect TC functions (secretion control, translocon formation and effector secretion). Insertions within the N-terminal half of IpaB were most likely to result in a loss of steady-state secretion control, however, all but the two that were not recognized by the T3SA retained nearly wild-type hemolysis (translocon formation) and invasiveness levels (effector secretion). In contrast, all but one insertion in the C-terminal half of IpaB maintained secretion control but were impaired for hemolysis and invasion. These nature of the data suggest the latter mutants are defective in a post-secretion event, most likely due to impaired interactions with the second translocator protein IpaC. Intriguingly, only two insertion mutants displayed readily detectable T4L on the bacterial Abbreviations: T3SS, type III secretion system; T3SA, type III secretion apparatus; TC, tip complex; Ipa, invasion plasmid antigen; LDAO, N,N-dimethyldodecylamine N-oxide; OPOE, n-octyl-poly-oxyethylene; T4L, bacteriophage T4 lysozyme; SRB, sulforhodamine B; IMAC, Immobilized Metal Affinity Chromatography; DOPC, dioleoylphosphatidylcholine; DOPG, dioleoylphosphatidylglycerol; RBC, red blood cells.
Abstract: Bacterial type III secretion systems (T3SS) are used to inject proteins into mammalian cells to subvert cellular functions. The Shigella T3SS apparatus (T3SA) is comprised of a basal body, cytoplasmic sorting platform and exposed needle with needle "tip complex" (TC). TC maturation occurs when the translocator protein IpaB is recruited to the needle tip where both IpaD and IpaB control secretion induction. IpaB insertion into the host membrane is the first step of translocon pore formation and secretion induction. We employed disruptive insertional mutagenesis, using bacteriophage T4 lysozyme (T4L), within predicted IpaB loops to show how topological features affect TC functions (secretion control, translocon formation and effector secretion). Insertions within the N-terminal half of IpaB were most likely to result in a loss of steady-state secretion control, however, all but the two that were not recognized by the T3SA retained nearly wild-type hemolysis (translocon formation) and invasiveness levels (effector secretion). In contrast, all but one insertion in the C-terminal half of IpaB maintained secretion control but were impaired for hemolysis and invasion. These nature of the data suggest the latter mutants are defective in a post-secretion event, most likely due to impaired interactions with the second translocator protein IpaC. Intriguingly, only two insertion mutants displayed readily detectable T4L on the bacterial Introduction Shigella flexneri is a Gram-negative, enteric pathogen that causes shigellosis (bacillary dysentery). Shigellosis is a severe bloody diarrhea that leads to dehydration, ulcerative colitis, and other complications. In a 1999 report, there were estimated to be >160 million cases of shigellosis with 1.1 million deaths annually. 1 While the mortality associated with shigellosis has dropped since that time, the global burden of disease caused by Shigella continues to be high with devastating effects on children under the age of five. 2, 3 Because as few as 10-100 organisms can cause disease, regional epidemics are common in all parts of the world. 4 Shigella uses its type III secretion system (T3SS) 1 to translocate effector proteins into host cells to alter their normal functions for the benefit of the pathogen. 5 Many important Gram-negative pathogens use the T3SS as essential virulence factors and despite pathogenspecific differences in T3SS effector functions, the T3SS apparatus (T3SA) maintains significant structural homology across diverse species boundaries. 6 The T3SA is anchored by a basal body that spans the entire bacterial envelope and supports an external needle composed of multiple copies of a small, polymerized needle protein terminating at a needle tip complex (TC) that maintains control of secretion. 7 Shigella is the only pathogen for which the individual steps in T3SA needle TC maturation have been described. [8] [9] [10] As a first step in TC maturation in Shigella, invasion plasmid antigen D (IpaD) forms a pentamer at the tip of the nascent MxiH needle. 8, 10, 11 In the absence of IpaD, type III secretion in Shigella is constitutive. As an environmental sensor, IpaD can detect small molecules in the environment to promote recruitment and maintenance of IpaB, the first translocator protein, to the mature needle TC. 10, 12, 13 This does not lead to induced secretion, but it does promote changes in the pathogen that enhance invasiveness, probably contributed to by increased adherence to host cells. 14 From the T3SA needle tip, IpaB inserts into cholesterol-and sphingolipid-rich host cell membranes-a behavior that can be mimicked in vitro using liposomes. 9, 15 The interaction of IpaB with host cells or cholesterol/sphingolipid-rich liposomes then promotes recruitment of IpaC, the second translocator protein, to the T3SA needle TC to give rise to formation of the "translocon pore" in the host cytoplasmic membrane. This completes formation of the conduit between Shigella and its host cell and induces effector protein secretion and translocation into the host cell. 9 Because of the insight it has provided on secretion induction, the Shigella T3SA is arguably the best model available for studying the temporal assembly of the T3SA needle TC and the molecular events leading to type III secretion induction. The Shigella T3SA also provides a needed model for characterizing the interactions occurring between the needle TC proteins, especially as they relate to their roles in translocon formation and function. When made in the Shigella cytoplasm, hydrophobic IpaB is stabilized by association with its chaperone IpgC. 16 While no high-resolution structures exist for full-length IpaB, the structure of a stable N-terminal core (residues 74-224) has been solved at a 2.1 Å resolution and found to be an elongated coiled-coil. 17 This structure represents a quarter of the overall protein and consists of an elongated (>100 Å ) coiled-coil. The fragment containing this structure (residues 28-226) binds to IpaD in vitro, suggesting it is involved in anchoring IpaB to the T3SA needle tip. 13 IpaB can be purified after co-expression with IpgC followed by removal of the chaperone using mild detergents, 18, 19 however, the behavior of IpaB following separation from IpgC is greatly affected by the detergent used. In the presence of N,N-dimethyldodecylamine N-oxide (LDAO), IpaB forms a monomer in solution that binds to but does not lyse liposomes. In contrast, IpaB prepared using n-octyl-poly-oxyethylene (OPOE) forms a stable tetramer in solution that penetrate liposomes to form a pore with a diameter of approximately 3 nm. 18 Thus, it is likely this state (tetramer) that resides at tip of the mature Shigella T3SA needle tip, anchored by the N-terminal coiledcoil. 13 This tetramer would then insert into the target cell membrane and initiate translocon pore formation.
We generated a series of bacteriophage T4 lysozyme (T4L) insertion mutants within IpaB to explore the functional effects of this added density in an ipaB-null strain of Shigella. T4L possesses N-and C-termini that are spatially very close together (9 Å ) and by inserting it at predicted loops, the likelihood of IpaB misfolding was minimalized and this was confirmed by spectroscopic analysis. The added densities within IpaB were expected to be disruptive and potentially interfere at protein-protein interfaces for interactions involving IpgC (in the cytoplasm), IpaD (within the TC), itself (within the TC or translocon), IpaC (within the translocon) and/ or MxiH (within the TC). Likewise, insertions that masked the hydrophobic region of IpaB were expected to eliminate the ability of the protein to insert into host cell membranes. Surprisingly, almost all of the T4L insertion mutants were active in one or more activities related to wild-type IpaB function. Based upon the acquired data, we present a model that summarizes the functional topology of IpaB. This model is based upon functions already attributed different regions of the protein and how these functions are influenced by disruptive insertional mutagenesis.
Results

Expression of IpaB T4L-insertion mutants in a Shigella flexneri ipaB-null strain
To generate a library of IpaB insertion mutants, predicted loops (random coil regions) were identified for inserting bacteriophage T4 lysozyme (T4L). T4L was selected because of its stability, high solubility 20 and the small distance (9 Å ) between its N-and Ctermini (Fig. S1 ). This last property was anticipated to minimize disruption of IpaB folding and negated the need for including a large peptide linker (GS-T4L-GS). Twelve T4L insertion mutants were generated [ Fig. 1 The primary sequence of IpaB from S. flexneri is shown with the following bioinformatics predictions: secondary structure (a-helix, red text; random coil, black text; coiled-coil, bold), regions of disorder (underlined), and transmembrane helices (green highlight). The IpaB (residues 74-224) crystal structure is represented with solid green bars above the amino acid numbering. Locations of T4L insertions are depicted with blue squares (pegs), more information can be found in Table SI . The figure was generated using XtalPred. 33 Finally, we predicted that insertions at or near the hydrophobic region (approximately residues 300 to 420) and IpaB C-terminus could lead to defects in pathogenesis potentially involving interactions with IpaC, the host membrane and/or with itself as part of the TC. 9, 27, 28 When expressed in S. flexneri SF620, all of the mutant IpaB proteins were found in whole cell extracts prepared from equal numbers of bacteria, however, IpaB-T4L-60 was degraded to a lower molecular weight form (intermediate between the insertion mutant and wild-type IpaB), IpaB-T4L-C expression levels appeared to be reduced and IpaB-T4L-171 and IpaB-T4L-435 were present at barely detectable levels (Fig. S2) . It is possible that the proximity of position 60 to the known IpgC binding site reduced the stability of IpaB-60-T4L, however, IpaB-T4L-N, 52 and 91 all accumulated at near wild-type levels, suggesting that IpgC association was unaffected in these mutants despite their relative proximity to the chaperone binding region(s). Interestingly, another mutant with reduced protein expression was IpaB-T4L-171 (Fig.  S2 ). This insertion lies within a hairpin loop near one end of the N-terminal IpaB coiled-coil for which a high-resolution structure has been solved [ Fig.  1(B) ]. This low level of expression is curious because it is not indicative of a loss of important virulence functions as shown below. Additionally, IpaB-T4L-435 had reduced protein levels in Shigella, which is consistent with a previous deletion mutagenesis study where residues 410-417 were truncated.
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Recombinant co-expression of the IpaB-T4L insertion mutants with IpgC in E. coli was carried out to allow for examination of their in vitro biophysical properties (see Fig. S3 ). These co-expression experiments appeared to confirm that IpaB-T4L-60 was destabilized with regard to IpgC binding because it could not be purified from the E. coli lysates despite the fact that it could be detected at reduced levels in Shigella. Likewise, while IpaB-T4L-435 could be detected at reduced levels in Shigella whole cell extracts, it could not be co-purified with IpgC from E. coli. Once again, this could be due to a destabilization of the chaperone complex that leads to the IpaB's degradation when expressed outside the context of Shigella, possibly because residue 435 is located within a long stretch of predicted a-helical secondary structure [ Fig. 1(A) ]. In complete contrast, IpaB-T4L-C and IpaB-T4L-171 were both seen at greatly reduced levels in Shigella, but they accumulated at levels similar to that seen for the other constructs when coexpressed with IpgC in E. coli (Fig. S3) , thus suggesting that chaperone binding is unaffected.
It is worth noting that when co-expressed with IpgC in E. coli, every IpaB-T4L insertion mutant that could be expressed maintained a stable ahelical structure content as determined by circular dichroism (CD) spectroscopy (Fig. S4 ). While this provided prima facie evidence that the T4L insertions had caused minimal disruption of IpaB's overall folding, it should be noted that T4L also is an ahelical protein and is contributing to the overall CD signal. Nevertheless, when the CD signal at 222 nm was monitored as a function of temperature, all of the purified protein complexes had a thermal unfolding temperature midpoint similar to that of wildtype IpaB (Fig. S5) . This was surprising because it suggests that, at least for IpaB in complex with IpgC, none of the added T4L densities compromised IpaB's behavior in solution. To test this more rigorously, IpaB's function within the context of Shigella T3SS functions was explored.
Secretion of the IpaB-T4L insertion mutants by S. flexneri
The Shigella T3SS is known to display low-level background levels of secretion, which can be observed by examining the protein profiles in culture supernatant fractions of overnight cultures. In ipaD and ipaB null strains, overnight type III secretion is elevated relative to wild-type Shigella or S. flexneri SF620 complemented with a plasmid to express ipaB. Thus, S. flexneri SF620 was complemented with the genes for the IpaB-T4L insertion mutants so that control of overnight secretion could be monitored. There was no elevated secretion in wild-type Shigella, SF620 expressing ipaB, or an ipaC-null strain of Shigella [ Fig. 2 (A) and Table I ]. When the IpaB-T4L insertion mutants were examined, a range of overnight secretion profiles was observed [ Fig. 2(A) ]. Loss of secretion control was seen for IpaB having T4L insertions at the Nterminus or at residues 60, 226, 238 and 435. The fact that IpaB-T4L-60 failed to control secretion could be accounted for by an inability to associate with IpgC, which fits with the lack of co-expression with the chaperone in E. coli. This would also prevent it from being recognized for its own secretion which is shown to be the case by immunoblot analysis [ Fig. 2(B) ]. The inability to control secretion for IpaB-T4L-N would also most likely be due to an inability for the T3SA to recognize it for secretion, though degraded forms of this mutant do appear in Shigella overnight supernatants [ Fig. 2(B) ]. It's not yet clear why the other T4L insertion mutants fail to control secretion, though for IpaB-T4L-435 it is possible that instability is an issue since it cannot be co-expressed with IpgC in E. coli. Perhaps there is something unique about this region that also contributes to chaperone binding in the bacterial cytoplasm.
Perhaps the most interesting observation is the number of mutants able to restore control of secretion to Shigella SF620. T4L insertions at 52, 91, 171, 352, 389, 474 and at the C-terminus all secrete at normal levels in overnight cultures. This occurs despite the fact that IpaB-T4L-171 is significantly reduced in expression in S. flexneri. In fact, even when secretion of IpaB is specifically examined by immunoblotting, very little IpaB-T4L-171 can be observed in the culture supernatants. Meanwhile, the insertions at 226 and 238 result in similar levels of IpaB in overnight culture supernatants and the remainder have similar levels of IpaB in the cell supernatant as does wildtype IpaB. These findings show that expression and stability of these insertion mutants cannot be specifically correlated with IpaB secretion or secretion control. Therefore, a more rigorous assessment of IpaB functionality for these mutants was to test for translocon pore formation and invasion of cultured cells (proper effector secretion).
Shigella contact-mediated hemolysis and cellular invasion as a measure of translocon pore formation and effector translocation
To test for the IpaB-T4L insertion mutants' ability to form translocon pores, a standard contactmediated hemolysis assay was performed. It was at this point that the most profound IpaB functional defects were expected. Surprisingly, all but three of the mutants restored some level of hemolytic activity to SF620. Mutants completely devoid of hemolytic activity were IpaB-T4L-N, IpaB-T4L-60 and IpaB-T4L-435, even though the insertion at 435 behaved normally in restoring secretion control [ Fig. 3 (A) and Table I ]. The absence of hemolysis for Shigella expressing IpaB-T4L-N and IpaB-T4L-60 may be understandable since each has an apparent secretion defect, however, the absence of hemolytic activity for IpaB-T4L-435 is less clear. This mutant is secreted reasonably well though its expression level is somewhat reduced and it appears to be unstable when co-expressed with IpgC in E. coli.
Of the remaining insertion mutants, those in the N-terminal half of IpaB restored nearly normal levels of contact hemolysis while those in the Cterminal half restored a basal level (about 10%) of contact hemolysis [ Fig. 3(A) ]. The latter observation is worth noting, because this is the level of contact hemolysis seen for ipaC null mutants. 27 This may suggest that the T4L insertions in the C-terminal half of IpaB may form a fully functional TC but that upon insertion into a host cell membrane, they are unable to properly interact with secreted IpaC to form a functional translocon pore. We would attribute this to the formation of a "pre-translocon pore" formed by IpaB alone. 18 On the other hand, two of the T4L insertions (at residues 226 and 338) were unable to restore secretion control but were nearly normal with regard to contact hemolysis. These are located immediately downstream from the identified coiled-coil of IpaB, suggesting that they are located in a region of transition between the N-terminal TC anchoring region and the C-terminal hydrophobic portion of IpaB. The ultimate test of IpaB function within the context of the Shigella T3SS is its ability to direct invasion of cultured cells, which requires translocon pore formation and the coordinated translocation of effector proteins into host cells. Consistent with the contact-mediated hemolysis results, T4L insertions at the N-terminus and residues 60 and 435 were completely unable to direct host cell invasion [ Fig.  3 (B) and Table I ]. On the other hand, there is a complete loss of function for T4L insertions at the Cterminus and position 474. Meanwhile, the remainder of the T4L insertions within the N-terminal half of the protein had nearly wild-type invasiveness and this is despite the fact that insertions at 226 and 238 display completely uncontrolled type III secretion [ Figs. 2 and 3(B) ].
Release of small molecules from liposomes by IpaB-T4L insertion mutants
Proper function (i.e., pore formation) of IpaB in the context of the Shigella T3SS TC requires multiple interactions (e.g., MxiH, IpaD, IpaB, and/or IpaC) that could potentially be disrupted by the extra density provided by T4L insertion mutagenesis. Because T4L insertions in the C-terminal half of IpaB do not affect secretion control, but do appear to affect translocon formation and/or function, it is possible that they are impaired in their ability to insert into the host membrane. To test for this, the release of sulforhodamine B (SRB) from liposomes was monitored using recombinant IpaB separated from IpgC using OPOE (Fig. 4) . We have previously shown that IpaB in OPOE forms an oligomer that behaves like a pore following insertion into liposomes. 18, 30 In this assay, the release of SRB from the liposomes relieves auto-quenching of fluorescence, which can be monitored spectroscopically [ Fig. 4(A) ]. Each of a Expression in Shigella was determined by observation of a band of the appropriate size detected by immunoblots of whole cell extracts using rabbit anti-IpaB antiserum (see Fig. S2 ). The values shown are relative to IpaB present in S. flexneri SF620 expressing wild-type IpaB after a densitometer scan of a representative immunoblot. *IpaB-T4L-60 was observed but it had degraded to a number of smaller molecular weight species and the value given in the approximate relative density of all the sized fragments combined. In E. coli, IpaB was co-expressed with IpgC and the presence of IpaB determined by SDS-PAGE with Coomassie staining after IMAC purification based on a His 6 tag on the IpaB. A positive result indicated that the IpaB-IpgC complex could be purified (see Fig. S3 ). b Overnight secretion was determined by separating the proteins from overnight culture supernatants from equal numbers of bacteria by SDS-PAGE followed by Coomassie blue staining (see Fig. 2 ). Samples were then scanned using densitometry for the amounts of IpaC and IpaD present relative to that for S. flexneri SF620 expressing wild-type IpaB (normalized value of 1.0) 6SD in representative gels. c % Hemolysis is relative to B1 [ Fig. 3(A) ] with * indicating P-value 0.05 and ** indicating P-values 0.01 using a standard Student's t-test. d % Invasion is relative to B1 [see Fig. 3 (B)] with * indicating P-value 0.05 and ** indicating P-values 0.01 using a standard Student's t-test. e % Dye release from liposomes is relative to wild-type IpaB (see Fig. 4 ). All IpaB-T4L mutants that could be purified were considered to be fully functional for liposome lysis.
the 10 purified IpaB-T4L insertion mutants was capable of lysing SRB-loaded liposomes at levels equal to or higher than wild-type IpaB [ Fig. 4 (B) and Table I ]. This includes the N-terminal insertion mutant, further supporting the hypothesis that this mutant is attenuated in Shigella simply due to its inability to be recognized for transport. In particular, none of the insertions in the C-terminal half of IpaB showed any reduced ability to interact with liposomes. These data suggest that T4L insertions within the C-terminal half of IpaB (352, 389, 435, 474, and C) reduce translocon formation and invasiveness at steps downstream of IpaB membrane contact, potentially through disrupted interactions with IpaC, which is thought to interact with a region of IpaB spanning residues 367-458. 31 Surface localization of the IpaB-T4L insertion mutant strains
Surface localization of the TC components IpaD and IpaB was analyzed for the series of T4L insertion mutants using immunofluorescence labeling and flow cytometry. IpaD surface levels were not substantially affected by any of the IpaB T4L insertion mutants although it was mildly reduced for IpaB-T4L-N [ Fig. S6(A) ]. The presence of IpaB on the surface of Shigella is indicative of a functional interaction between IpaD and IpaB within the mature TC. When the degree of IpaB surface labeling was examined after growing the bacteria to log phase, modest labeling of wild-type Shigella was observed and this was completely lost in the ipaBnull strain SF620 [ Fig. 5(A) and Table I ]. Consistent with the data presented thus far, no surface labeling was observed for IpaB-T4L-N and IpaB-T4L-60, which are poorly secreted, if at all, by Shigella [ Fig. 5(A) ]. It is noteworthy that IpaB-labeling with T4L insertion at positions 52, 352, 389, 435, 474 and at the C-terminus all appear to be elevated relative to the levels seen in wild-type bacteria [ Fig. 5(A) ]. All of these mutants except for the Cterminal fusion were able to prevent uncontrolled secretion [ Fig. 2(A) ]. Taken together, these data are consistent with the formation of a mature, uninduced T3SA TC, however, of these only IpaB-T4L-52 restored substantial levels of contact-mediated hemolysis and invasiveness (Fig. 3) . T4L insertion at positions 91, 171, 226 and 238 displayed low levels of IpaB surface labeling (Fig. 5 ). This labeling was somewhat lower than that of wild-type Shigella but still readily detectable. Once again, no clear pattern exists between secretion control and surface localization of IpaB.
Surface localization of T4L
T4L has a molecular weight of 18.6 kDa, which represents a substantial addition to the density of IpaB within the T3SA needle TC. Such added density would be expected to interfere with IpaB packing within the TC and in many cases lead to the presence of detectable levels of T4L on the Shigella.
The elevated surface presence of IpaB for mutants within the C-terminal half of IpaB were considered the best candidates for having detectable T4L exposed on the bacterial surface. Surprisingly, none of the C-terminal T4L insertions that displayed elevated IpaB on the surface had detectable levels of T4L on the bacterial surface using either polyclonal rabbit serum [ Fig. 5 (A) and Table I ] or a commercial monoclonal antibody ( Fig. S6 ) with cell sorting. In fact, only two IpaB-T4L insertion mutants clearly had T4L on the surface and it could be detected using either of the antibodies [ Fig. 5(A) and Fig. S6 ]. Of these two, only one, IpaB-T4L-52, also displayed elevated IpaB on the surface. The other was the IpaB-T4L-171 that is not only expressed at very low levels, but is also secreted at very low levels, yet it is able to control steady-state secretion.
These results indicate that the tertiary structure of IpaB displays a high degree of plasticity and that positions 52 and 171 are the most solvent exposed as part of the TC. One potential caveat of this approach, however, is that we have not defined Figure 5 . Mean fluorescence intensity (MFI) of specific markers detected by flow cytometry at the surface of IpaB-T4L insertion mutant strains grown to mid-log phase. (A) MFI of IpaB (black bars) and T4L (grey bars) were detected using polyclonal antibodies previously generated against the purified recombinant proteins. Additional negative controls include a mxiH null mutant and a sample lacking the secondary antibody. (B) Flow cytometry analysis for IpaB and T4L labeling on the Shigella surface. Sec represents bacteria for which the secondary antibody was not added (staining negative control).
which T4L epitopes are contained within the generated polyclonal sera, which could potentially bias IpaB/T4L surface labeling towards specific regions of the antigen. Nevertheless, essentially all aspects of IpaB function appear to be quite accommodating to the added density of T4L at most positions within the protein without accompanying exposure of the T4L moiety on the bacterial surface. This suggests that the multiple functions of IpaB are accommodated by an unusually high degree of structural plasticity, which could explain why high-resolution structures of full-length IpaB have been difficult to obtain.
Crystal structure of IpaB 74-242
Almost all of the IpaB-T4L insertion mutants retained some aspect of normal IpaB function. With the exception of T4L insertions that affect IpaB's secretion (at the N-terminus or after residue 60), the majority of the insertions upstream or at residue 238 seem to retain most or all of IpaB's ability to lyse red blood cells (RBCs) and to invade cultured cells. Despite this, only the insertions at positions 52, 91, and 171 were able to control overnight secretion. The added T4L density at position 226 and 238 caused IpaB to lose its ability to control steady-state secretion but it still retained its other virulence related activities. Interestingly, both of these insertions are near one end of the only known high-resolution structure for IpaB, which only previously extended from residue 74 to residue 224 [ Fig. 1(B) ]. It is clear that a region just to the C-terminal side of this structure is critical for properly controlling background secretion, but doesn't appear to otherwise influence IpaB functions. To address this, we were able to determine the crystal structure of an IpaB construct spanning residues 74-242 (Table II) . The structure of IpaB ( Fig. 6 ) is similar to IpaB 74-224 with respect to topology with both proteins being comprised of an extended coiled-coil, however, the structures only align with an RMSD of 2.58 Å (149/149 Ca atoms) (Fig. S7 ). This structural difference arises from an 49, 50 d CC 1/2 is the correlation coefficient of the mean intensities between two random half-sets of data. 51, 52 e R factor 5 R hkl jjF obs (hkl) | -|F calc (hkl) jj/R hkl |F obs (hkl)|; Rfree is calculated in an. identical manner using 5% of randomly selected reflections that were not included in the refinement. alteration in how the coiled-coil twists as it approaches the hairpin region, although this difference is likely a result of the different crystal packing between each structure (P2 1 vs. I4 space groups).
Coordinates and structure factors for the IpaB construct described here have been deposited to the Worldwide Protein Databank (wwPDB) with the accession code 5WKQ. The structure of IpaB 74-242 also reveals that residues 231-233 (Ala-Ser-Ala) adopt a random coil structure, creating a turn that then transitions back into an a-helical structure. Further structural characterization will be required to assess whether this turn is adopted in the context of the complete IpaB polypeptide, however, it may be providing a flexible linker between what are largely functionally distinct N-and C-termini. In any event, it is intriguing that the addition of significant new density near this apparent linker between the N-and C-terminal domains of IpaB has such a dramatic effect on steady-state secretion rates, but none of the downstream activities of IpaB. Furthermore, neither of the T4L insertions here, nor any of those C-terminal to this point, result in exposure of T4L on the bacterial surface. It is clear that there is still much to learn about the structure-function relationships within IpaB and disruptive insertional mutagenesis has now provided a foundation for initiating such studies.
Discussion
There remains a great deal to be learned about the structure and particularly the structural dynamics occurring within the T3SA needle TC. To understand the topology and spatial relationships involving IpaB in the Shigella T3SA TC, we generated a series of T4L insertion mutants to determine the disruptive effects the added densities have on IpaB function in Shigella (summarized in Table I ). T4L properties allowed us to minimize the likelihood of IpaB misfolding and this appeared to be the case since all but two of the insertion mutants retained wild-type secondary structure content based on CD spectroscopy. Indeed, only two of the 12 insertion mutants (T4L-60 and T4L-435) could not be purified as recombinant proteins in a complex with IpgC. In all cases, the insertion mutants described here were expected to introduce new densities into IpaB that would disrupt important protein-protein interactions in the cytoplasm, within the TC or within the translocon. Likewise, insertions masking the hydrophobic region of IpaB might be expected to eliminate IpaB's ability to insert into phospholipid membranes. Surprisingly, nearly all of the insertion mutants were active in one or more IpaB functions (chaperone binding, secretion control, translocon formation, membrane interaction and translocation of effectors). A model of IpaB showing the protein's known and proposed structural features based on these T4L insertional mutagenesis data is shown in Figure 7 .
The acquired data reveal patterns of behavior that allow an updated assessment of IpaB spatiotemporal functions. Two mutants gave rise to functional defects that might be expected based on the literature. T4L at the IpaB N-terminus had no effect on association with IpgC, however, only very small amounts of this protein (mostly degraded) could be found in culture supernatants. This was not unexpected since IpaB's immediate N-terminal sequence is required for it to be recognized for secretion. The added density at the immediate N-terminus most likely alters the context of this sequence. IpaB with T4L at residue 60 could not be generated as a recombinant protein and in Shigella it was degraded in the cytoplasm as would be expected if the added density impaired IpgC binding. Indeed, a canonical chaperone binding motif has been described involving residues 65-70 in IpaB. [23] [24] [25] Thus, this is the . At the bottom, the structure of T4L is shown (red circle) as it is proposed to occur for insertion at IpaB position 171. T4L is recognized by T4L anti-sera on the surface of Shigella when inserted at positions 52 and 171 (see Fig. 5 ).
only insertion within the N-terminal half of IpaB that was defective for all IpaB functions, likely a result of impaired chaperone binding. One other mutant, IpaB-T4L-435, was impaired for all IpaB functions despite the fact that it could be found in Shigella culture supernatants. This mutant could not be purified after co-expression with IpgC in E. coli and was found at greatly reduced levels in the Shigella cytoplasm-hallmarks of impaired chaperone binding. However, its presence at only slightly reduced levels in Shigella culture supernatants is perplexing. We would propose that this region influences chaperone binding, but that the dominant binding within the N-terminus of IpaB allows for aberrant secretion of IpaB that is not otherwise productive. All three of the mutants just described are unable to control type III secretion in Shigella (Fig. 2 and Fig. S2) . Thus, it appears that some facet of IpaB secretion is required for the control of type III secretion (IpaB-T4L-N and IpaB-T4L-60), however, secretion alone is not sufficient for secretion control (IpaB-T4L-435). This would argue that IpaB secretion and an activity involving IpgC work in a coordinated fashion to control overnight secretion. Perhaps an interaction between IpgC and a component of the sorting platform occurs during IpaB presentation influences secretion control.
Recent studies have demonstrated that the IpaB coiled-coil motif [ Fig. 1(B) , residues 74-224] and the region immediately upstream of it can allow for interaction with IpaD as part of the TC. 13, 26 Intriguingly, multiple T4L insertion mutants within or flanking this region (52, 91, 171, 226, and 238) complement a Shigella ipaB-null strain at near wildtype levels for both contact hemolysis and invasion. Strikingly, the ability to control secretion does not directly correlate with retention of these functions. T4L insertions at position 52, 91 and 171 restore control of overnight secretion, but insertions at residues 226 and 238 do not. Interestingly, T4L at position 171 restored most of IpaB's invasion functions, however, the protein was poorly expressed and secreted at very low levels while still providing secretion control. Relative to the coiled-coil, position 171 is at the opposite end from 226 and 228, which may be significant with regard to secretion control, but not other virulence functions. Position at a point relative to the coiled-coil, however, does not strictly dictate the level of secretion control since IpaB-T4L-91 is located the same end as residues 226 and 238, but it is fully capable of controlling overnight secretion. Two key features that seem to stand out with regard to loss of secretion control are being in the N-terminal half of the protein and being located near a sharp turn located on the C-terminal side of the IpaB coiled-coil (see Figs. 6 and 7) . Future structural work needs to focus on this portion of IpaB to clarify what may be occurring at the structural level. An unexpected observation was the ability for all of the T4L insertions in the C-terminal half of IpaB (except for the insertion at position 435 as described above) to maintain the ability to control overnight type III secretion. This seems to correlate with elevated IpaB detected on the Shigella surface (although no T4L is detected there). While all of the N-terminal insertions are considered relative to the coiled-coil, the C-terminal insertions are better considered relative to the known hydrophobic regions contained here. Despite controlling secretion, none of these mutants restored substantial levels of contact hemolysis or invasion activities, even though all recombinant proteins were able to insert into liposomes in vitro at wild-type levels or better. Two of them, T4L at 352 and 389 did restore background levels of contact hemolysis, but not invasiveness. The other two (T4L position 474 and the C-terminus) were defective for both activities. Because Shigella ipaC null mutants are noninvasive but retain 10% of their hemolysis activity, we have proposed that IpaB is able to insert into target cell membranes (possibly as a tetramer) to form a "pretranslocon pore." This may be what occurs with the insertions at residues 352 and 389. Thus, these mutants may contribute to the first step of translocon formation, but cannot complete the process, suggesting they are defective for recruitment of or perhaps association with IpaC. Meanwhile, IpaB with insertions at 474 and the C-terminus may not form the pre-translocon pore. Unfortunately, this is not entirely consistent with their ability to lyse liposomes in vitro. Future studies warrant determining how T4L insertion at these sites affects IpaB oligomerization, which has been linked with its ability to form pore-like structures in liposomes.
In our hands, this is the first time we have seen secretion control so thoroughly uncoupled from other essential IpaB functions, but it seems that secretion control is an activity that is largely associated with structures at the N-terminus of IpaB. It should be noted that deletions within the extreme C-terminus of IpaB 32 have been reported to result in loss of overnight secretion control, so it cannot be ruled out that all control mechanisms are localized to the Nterminus, however, T4L at the C-terminus did not seem to impair secretion control. In these studies, added densities within the C-terminal half of IpaB seem to be more fundamentally impaired at post secretion control steps, suggesting the heart of IpaB's function as a translocator protein reside here. A remarkable aspect that stands out, however, is that so many of the insertion mutants retain one or more of their normal functions despite harboring an added density of 19 kDa. On top of this, only insertions at residues 52 and 171 appear to actually display T4L on the bacterial surface, regardless of the amount of IpaB detected there. The data presented here indicate that there is a great deal of resilience within the Shigella T3SA TC against the disruptive addition of additional protein densities. Perhaps the ability to incorporate significant new densities into IpaB while maintaining specific functional features will allow for future studies on the TC using protein-based probes. Likewise, this finding suggests that IpaB can be targeted for the addition of cargo that allows it to be tracked inside macrophages prior to the induction of pyroptosis. In any event, by generating this panel of T4L insertion mutants, we now know that IpaB harbors essentially three major functional hot spots including: (a) the immediate N-terminus which is needed for recognition by the secretion apparatus and chaperone binding; (b) an N-terminal coiled-coil within a soluble N-terminal fragment that is involved in anchoring IpaB within the TC and for important aspects of secretion control; and (c) the C-terminal half which is key to the activities needed for formation of an active translocon and possibly for translocation itself. Additionally, the structure of IpaB reveals that the N-terminal coiled-coil and Cterminal hydrophobic domain are connected by a turn that could be a mediator of the high level of structural plasticity that has not been fully appreciated until now. Future studies using these insertions mutants will be targeting these individual regions for their structural and functional dynamics with respect to translocon assembly and secretion-state regulation.
Materials and Methods
Generation of IpaB T4L insertion mutants in Shigella
Secondary structure elements within IpaB were predicted using the XtalPred server, 33 which coordinates data analysis with the following external servers PSI-BLAST, PSIPRED, DISOPRED2, COILS, and TMHMM, among others. This information was used to guide the selection of Bacteriophage T4 lysozyme (T4L) insertion sites. The T4L coding sequence (catalytically inactive mutant E11A) was inserted at the N-and C-terminus of IpaB, as well as after the following amino acids: 52, 60, 91, 171, 226, 238, 352, 389, 435, and 474 using ligation independent cloning with wild-type IpaB in the pT7HMT vector as a template. 34 A Gly-Ser linker was added in between IpaB and T4L coding sequences during this step as well. Each of the resulting insertion mutants were then used as templates for cloning into NdeI/BamHI-digested pWPsf4 vector 27 and electroporated into the Shigella flexneri ipaB-null strain SF620 21 for phenotypic analyses. DNA oligo information for cloning can be found in Table SI .
Recombinant protein expression
Wild-type IpaB and the T4L insertion mutants described above were expressed as previously described. 35 Briefly, all IpaB derivatives were cloned into pT7HMT and co-expressed in E. coli BL21(DE3) with its cognate chaperone IpgC in pACYCDuet-1 and the protein present in the cytosolic fraction was purified by Immobilized Metal Affinity Chromatography (IMAC). The chaperone was removed by the addition of 0.5% (v/v) OPOE and then separating the IpaB by a second round of IMAC in the presence of the detergent. IpaB 74-242 was generated by amplifying a region of the opening reading frame (residues 74-242) of S. flexneri ipaB via PCR and subcloned into BamHI/NotI-digested pT7HMT. 34 This vector was transformed into Tuner(DE3) E. coli competent cells and expressed and purified as previously described for IpaB . Diffraction data collection, structure determination, refinement, and analysis X-ray diffraction data were collected on IpaB 74-242 crystals at 1.0000 Å at 100 K using a Dectris Pilatus 6M pixel array detector at IMCA-CAT beamline 17ID at the APS (Table II) . Following data collection, individual reflections from each dataset were integrated with XDS 36 and scaled with Aimless. 
T3SS protein overnight secretion
Overnight protein secretion as a measure of leaky secretion was assessed as previously reported. 43 Briefly, Shigella flexneri strains were grown overnight and culture supernatants collected after centrifugation. Supernatants were then precipitated with subsequent trichloroacetic acid and ice-cold acetone treatments. SDS-PAGE was then used to separate the protein content of precipitated samples. Gels were stained with Coomassie Brilliant blue dye.
Contact-mediated hemolysis and invasion
Contact-mediated hemolysis using sheep's erythrocytes has been previously reported. 27 Briefly, S. flexneri strains were grown in culture at 378C to logphase and 6.25E8 CFUs incubated with 50 ml of RBCs for 1 h at 378C. RBCs were then extruded with cold PBS to obtain maximum hemoglobin release, a direct measure of pore formation ability by Shigella. Hemoglobin was measured with a plate reader set for absorbance at 545 nm. Invasion of HeLa cells was measured with a modified gentamicin protection assay. 43 Briefly, log-phase S. flexneri cultures were used to infect HeLa cell monolayers grown in 24-well plates at a multiplicity of infection (MOI) of 1:100 and invasion allowed to proceed for 30 min at 378C in a humidified 5% CO 2 environment. Then, gentamicin was used to remove bacteria in the extracellular environment. Cells were extruded with 0.2% Triton X-100 in PBS and serially diluted. Dilutions were grown on filter plates overnight and imaged with a CTL ELISpot reader as described before. 44 Liposome dye release assay
To determine whether recombinantly expressed IpaB-T4L insertion mutants retained the ability to cause the release of small molecules from liposomes, a dye release assay was performed as previously described. 30 Unilamellar liposomes comprised of DOPC (dioleoylphosphatidylcholine) and DOPG (dioleoylphosphatidylglycerol) and cholesterol (66.8, 23.5, and 9.7 mol%, respectively) were prepared in chloroform and dried under nitrogen to create lipid films. The films were hydrated in PBS alone containing 100 mM SRB, sonicated and extruded through 100-nm pore membranes at 428C. Excess dye was separated from the SRB liposomes by size exclusion chromatography on Sephadex G-50. SRB release was measured as an increase in SRB fluorescence as a function of time in the presence of added IpaB or the corresponding T4L insertion mutant (100 nM). The amount of dye release was quantified relative to total release seen following the addition of Triton X-100 to a final concentration of 0.1% (v/v).
Immunofluorescence and flow cytometry S. flexneri cultures were grown at 378C until logphase, washed and 5 3 10 8 CFU resuspended in PBS. Bacteria were immunolabeled as previously reported and analyzed by flow cytometry. 9, 18 Briefly, cells were fixed with 2% of paraformaldehyde and blocked with a solution 1% BSA 50% PBS-based Odyssey blocking buffer in PBS. Cells were then labeled with polyclonal anti-IpaB, anti-IpaD rabbit serum, or anti-T4L guinea pig serum; followed by labeling with appropriate secondary antibodies coupled to Alexa dyes. Cells were analyzed by flow cytometry (collection of 1 3 10 6 events) in a BD FACSAria Fusion cell sorter.
Generation of anti-T4L serum
Recombinantly expressed and purified T4L was used to immunize guinea pigs (Pocono Rabbit Farm & Laboratory). Target recognition under native conditions was confirmed by surface plasmon resonance (data not shown). Recombinant T4L protein was immobilized through surface exposed amine groups on a CMD200 surface (Xantec Bioanalytics). Dilutions of immune serum were prepared in HBS-T buffer (20 mM Hepes (pH 7.4), 140 mM NaCl, 0.005% Tween-20) and injected over the T4L and reference surfaces using a single-cycle kinetics approach. The reference-subtracted sensorgrams were analyzed by BiaCore T-200 Evaluation Software (v3.0) (GE Life Sciences) and fit to a 1:1 binding model.
Multiple sequence alignments and figure modeling
Multiple sequence alignments were carried out using ClustalW 45 and aligned with secondary structure elements using ESPRIPT. 46 Representations of all structures were generated using PyMol. 47 
Statistical analysis
All statistical analyses were performed with GraphPad Prism 7. Ordinary one-way ANOVA with a post hoc Dunnett test was done by setting the IpaB complemented strain as the control sample. An alpha value of 0.05 was used.
awards from the National Institutes of Health (NIH R01 AI099489 and AI123351) to W. 
Conflicts of Interest
The authors declare that they have no conflicts of interest with the contents of this article.
Author Contributions
M.L.B., S.T., M.M., O.A., C.E.V., and K.X.R. performed and analyzed experiments in this study. W.D.P., W.L.P., and B.V.G. designed and coordinated the study. All authors reviewed the results and approved the final version of the manuscript.
